The densities (ρ) and viscosities (η) for ternary liquid mixtures of N,N-dimethylformamide + benzene + an ether were measured as a function of composition at 298.15 K. From experimental measurements, the excess molar volumes (V E ), viscosity deviation (Δη), antagonic interaction index (I A ) and Gibbs free energy of activation for viscous flow (ΔG E ) were evaluated. The speeds of sound were also measured and excess isentropic compressibilities (K s E ) were calculated at the experimental temperature. The results are discussed and interpreted in terms of molecular package and specific interaction predominated by hydrogen bonding.
INTRODUCTION
The grouping of solvents into classes is often based on the nature of intermolecular forces because the manner in which solvent molecules are associated with each other has a marked effect on the resulting properties. Rheology is the branch of science 1 that studies material deformation and flow, and is increasingly applied to analyze the viscous behaviors of many pharmaceutical products, 2 and to establish their stability and even bio-availability, since it has been firmly established that viscosity influences the absorption rate of a drug in the body. The increasing use of the solvents: N,N-dimethylformamide (DMF), benzene, 1,3-dioxolane, 1,4-dioxane, tetrahydrofuran, 1,2-dimethoxyethane, di-isopropyl ether, diethyl ether, 2-methoxyethanol and 2-ethoxyethanol and their mixtures in many industrial processes, such as battery, pharmaceutical and cosmetics, has greatly stimulated the need for extensive information on their various properties. Hence, 3 and an internal diameter of the capillary of about 0.1 cm. The pycnometer was calibrated at the experimental temperature with triply distilled water and DMF. The measurements were realized in a thermostated water bath controlled to ±0.01 K. 2 The weighings were performed on a Mettler electronic balance (AG-285) with a precision of ±0.01 mg. The viscosities (η) were measured by means of a suspended Ubbelohde type viscometer 7 , which was calibrated at the desired temperature with triply distilled water and purified methanol using density and viscosity values from the literature. The ultrasonic speeds (u) were determined using a single-crystal variable path ultrasonic interferometer (Mittal Enterprises, New Delhi) working at 5 MHz, 32, 36 which was calibrated with water, methanol and benzene. The temperature stability was maintained within ±0.01 K by circulating thermostatic water around the cell with a circulating pump. The solutions were prepared by mixing known volumes of pure liquids in air-tight stoppered bottles at 298.15 K. The precisions of the speed of sound, density and viscosity measurements were ±0.2 m s -1 , ±3×10 -4 g cm -3 and ±2×10 -4 mPa s, respectively. The estimated uncertainty for the excess molar volume (V E ), viscosity deviation (Δη), antagonic interaction index (I A ) and excess isentropic compressibilities (K s E ) were ±0.5×10 -4 m 3 mol -1 , ±0.0004 mPa s, ±0.002 and ±0.2 Pa -1 , respectively.
RESULTS AND DISCUSSION
The measured density (ρ), viscosity (η) and the speeds of sound (u) data for mixtures of (DMF) (A), benzene (B), and the ethers (C), i.e., 1,3-dioxolane, 1,4--dioxane, tetrahydrofuran, 1,2-dimethoxyethane, di-isopropyl ether, diethyl ether, 2-methoxy ethanol and 2-ethoxyethanol were used to calculate the excess molar volume (V E ), viscosity deviation (Δη) and excess isentropic compressibility (K s E ). Viscous antagonism is the term used in respect to the interaction between the components of a system that cause the total viscosity of the latter to be less than the sum of the viscosities of the individual components in the system. The method compares the viscosity of the system determined experimentally, η exp , with that expected in the absence of interaction, η calcd . Viscous antagonism is exists when, η exp < η calcd . This procedure is used when Newtonian fluids are involved. 37 Quantitatively, as per the absolute reaction rates theory, 38 the deviations of viscosities from the ideal mixture values for a three-component system can be calculated as:
where η is the viscosity of the mixture, x i and η i are the mole fraction and viscosity of the pure components, respectively. The Δη values for all the studied ternaries were found to be negative over the whole composition range at 298.15 K, as depicted by a representative plot in Fig. 1 as a function of the mole fraction of both DMF (x A ) and benzene (x B ). The Δη values for the ternary mixtures (A) + (B) + 1,3-DO, 1,4-DO, THF, 1,2-DME, DIE, DEE, 2-ME and 2-EE (C) are plotted against the mole fraction of DMF (x A ) in Fig. 2 , from which it can be 1724 CHANDA, BANERJEE and NATH ROY observed that Δη increases as the mole fraction of DMF increases. The mixtures have a tendency of maximization, indicating a strong specific interaction between the unlike molecules. From the values of Δη, given in Table II , it can be concluded that the affinity of the molecules of the ethers towards benzene molecules in the presence of DMF is enhanced in the following order: A + B + 2-EE > 2-ME > DEE > DIE > 1,2-DME > THF >1,4-DO > 1,3-DO Here, dispersion and dipolar interactions between the DMF, benzene and 1,3-DO, 1,4-DO, THF, 1,2-DME, DIE, DEE, 2-ME and 2-EE molecules are operative, resulting in negative Δη but with the increasing x A , the dipolar interactions dominate giving rise to less negative values of Δη. In order to secure more comparable viscous antagonic results, the so called antagonic interaction index (I A ), introduced by Howell, 37 was taken into account:
The antagonic interaction index (I A ) values at 298.15 K for the ternary mixtures (A) + (B)+ 1,3-DO, 1,4-DO, THF, 1,2-DME, DIE, DEE, 2-ME and 2-EE (C) are plotted against x A in Fig. 3 . It was found that each mixture had a maxi- 
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CHANDA, BANERJEE and NATH ROY mum at x A = 0.0, which then decreased with increasing x A . A perusal of Table II shows that the experimentally determined viscosities, η exp for all mixtures for various mole fractions at the experimental temperature are lower than those of their calculated values, η calcd , which demonstrates viscous antagonism in the eight mixtures studied herein. The explanation of this behavior is based on the known phenomenon of molecular dissociation, as a consequence of the weakening of the non-covalent bonding formed between the molecules, causing a decrease in the size of the molecular package, which logically implies an increase in I A . 1, 12 The maxima observed indicate strong specific interaction between the unlike molecules, which is predominated by non-covalent interaction. Thus, the molecular package increases gradually with the addition of DMF to the mixtures, which implies a decrease in I A .
The excess molar volumes, V E were calculated from the density data according to the following equation: 39
where M i , and ρ i are the molar mass and density of the pure components, respectively, and ρ is the density of the mixture. For the ternary systems, in general,
the V E values were found to be negative over the whole composition range under study at 298.15 K, which is depicted as a representative plot in Fig. 4 as a function of the mole fraction of both DMF (x A ) and benzene (x B ). The V E values for the eight ternary mixtures under examination are presented in Fig. 5 . The values at first decreases to minima and then increase with increasing x A . The eight ternary mixtures show minima at the same point, i.e., at x A = 0.3. The trend is: (A)+(B)+1,3-DO > 1,4-DO > THF >1,2-DME > DIE > DEE > 2-ME > 2-EE The negative values of V E indicate the presence of strong molecular interaction between the components of the mixture. Volume changes for a mixed system result from changes in the free volume of the liquids, since the bond lengths and bond distances in the molecules themselves do not change. The optimum packing condition is directly related to differences in molecular sizes and intermolecular attractions, in particular when hydrogen bonding occurs between unlike molecules creating association complexes, as well as being effected by the breaking of interactions between like molecules. 32 Several effects contribute to the value of V E , such as: dipolar interaction, interstitial accommodation and possible hydrogen bonded interactions between unlike molecules. 40 The actual volume change would, therefore, depend on the relative strength of these three effects. Similar results have been reported earlier. 41 Based on the theory of absolute reaction rates, 38 the excess Gibbs energy, ∆G  E , of viscous flow for a ternary system was calculated from:
where M and M i are the molar mass of the mixture and of the pure components i. According to the literature, positive ∆G  E values indicate specific interactions, while negative values indicate the dominance of dispersion forces. 43, 44 From the ∆G  E values recorded in Table II , it can be seen that for all the ternary mixtures, these values are negative or positive keeping similarity with the Δη values and thereby supports the conclusion drawn from the V E and Δη considerations. Table II contains the sound velocity (u), the isentropic compressibility (K s ) and excess isentropic compressibility (K s E ) data for the observed mixtures, which were calculated using the following equations:
where, K s,i gives the isentropic compressibility for the pure components of the mixture. The positive K s E values are due to the breaking of interactions and the corresponding disruption of molecular order in the pure components. 24 The donor--acceptor interaction between the component molecule plays an important part for the mixtures containing open chain ethers, especially those having a hydroxyl group, where there is strong specific interaction between the component molecules leading to lower value of K s E . Interactions between the molecules of DMF, benzene or ethers are broken in the mixing process; the breaking leads to positive K s E values for the mixture containing cyclic ethers as compared to the open chain ethers. Similar results were reported earlier by some authors. 24, 32 CONCLUSIONS After a thorough study of the behavior of ethers in N,N-dimethylformamide + benzene mixtures, a clear idea about the type and amount of molecular interactions between them was obtained and an idea about antagonism was given. The similarity in the working formula of the antagonic interaction index and viscosity deviation would probably indicate that the two properties are similar but a close comparison between these two parameters gave a clear distinction.
